INTRODUCTION {#SEC1}
============

Precise transcriptional regulation is essential for effective responses to cellular stress and the determination of cell fate. Transcription factors (TFs) play a central role in the regulation of transcriptional networks ([@B1]). TFs determine which genes to activate or repress by recognizing and binding to their specific DNA motifs in the promoter or enhancer region of the target genes. The regulation of TF-binding is thus critical for transcription ([@B2],[@B3]). How and when TFs choose from among the numerous binding candidates in genome DNA remains unknown.

Chromatin configuration, including nucleosome positioning, is an important determinant for TF-binding. Recent genome-wide research on TF-binding and chromatin accessibility has shown that many TFs bind to open chromatin regions that are devoid of positioned nucleosomes ([@B4],[@B5]). Other TFs, known as 'pioneer TFs,' bind to their target sites in silent chromatin through direct binding to the nucleosomal target-DNA motif. These pioneer TFs play a role in the regulation of development and epigenetic reprogramming ([@B6]--[@B9]). Pioneer-TF-binding induces chromatin remodeling, allowing the formation of an open chromatin configuration and thereby enabling newly arrived TFs to access their binding sites ([@B10],[@B11]). The local chromatin configuration is then further regulated by individual TFs, governing TF-binding specificity. DNA methylation is also involved in the regulation of TF-binding ([@B12],[@B13]). For example, in murine stem cells, binding of the TF NRF1 is inhibited by DNA methylation. This inhibition is counteracted by DNA demethylation, which is mediated by other TFs, including CTCF ([@B14]). Thus, local chromatin configurations as well as epigenetic histone and DNA modifications play roles in the regulation of TF-binding specificity.

Recent studies have demonstrated that, in addition to epigenetic regulation, the three-dimensional regulation of the genome structure is important for long- and short-range gene expression. Loop structures, referred to as 'gene loops,' in which the gene promoter and terminator regions are juxtaposed, have been detected in yeast and human genes, particularly in local genomic regions ([@B15]--[@B17]). The formation of a gene loop depends on transcription, and the three-dimensional regulation of the genome structure is required for both transcriptional memory and directionality ([@B18],[@B19]). This structure also participates in chromatin-remodeler targeting and transcriptional co-regulation in yeast and human cells ([@B20],[@B21]). These studies suggest that three-dimensional regulation of the genome structure plays a fundamental role in the regulation of transcription. However, the mechanisms that regulate TF-binding by this structure remain largely unknown.

In fission yeast *Schizosaccharomyces pombe*, transcription of *fbp1*, which encodes fructose-1,6-bisphosphatase, is robustly induced by glucose starvation and, conversely, repressed in glucose-rich conditions ([@B22]). Transcription of *fbp1* is regulated by several TFs via the local chromatin configuration ([@B23]--[@B27]). In response to glucose starvation, chromatin configuration in the *fbp1* promoter region is progressively converted to an open state, as several species of long noncoding RNAs called mlonRNAs are transcribed ([@B25],[@B28]). This process is required for subsequent TF-binding ([@B25],[@B28]). Moreover, the Tup-family corepressors (Tup11 and Tup12) and three types of TF (CREB/ATF TF Atf1, the CBF/NF-Y TF Php2/5 complex and the C~2~H~2~ zinc-finger TF Rst2) play essential roles in the regulation of *fbp1* transcription ([@B23],[@B26],[@B27],[@B29],[@B30]). The binding sites for Atf1 and Rst2 in the *fbp1* promoter region have been defined as upstream activation sequences (UAS) 1 and UAS2, respectively ([@B27]). UAS1 contains the conserved cAMP-response element, while UAS2 contains the stress-response element ([@B27]). These sites are located 636 bp apart from each other in the upstream from the *fbp1* promoter region (Figure [1A](#F1){ref-type="fig"}). We previously demonstrated that both Php2 and Tup11/12 are distributed throughout the *fbp1* upstream regulatory region with peaks at UAS1 and UAS2 ([@B29],[@B30]). Tup11 and Tup12 repress *fbp1* transcription by repressing chromatin remodeling around TF-binding sites and transcription-start sites, and by repressing transcription-apparatus binding ([@B29]). The transcriptional repression is antagonized by the three TFs required for the regulation of *fbp1* transcription and these antagonistic regulations are required for proper stress specific activation of *fbp1* transcription and for precise selection of the transcription start sites ([@B23],[@B29]). However, how these TFs are recruited and bound to the *fbp1* promoter in a timely fashion to gain rigorous regulation of *fbp1* transcription remains largely unknown.

![Atf1 and Rst2 distribute in the *fbp1* promoter region with two peaks at UAS1 and UAS2. (**A**) Schematic representation of *cis*-regulatory elements in the *fbp1* promoter region and amplification sites (determined by ChIP-qPCR) used in this study. The gray arrow represents *fbp1* ORF; the boxes represent UAS1, UAS2 and the TATA box. The position of each element is indicated as the distance from A of the first ATG in the *fbp1* ORF. The gray bars represent nine segments across the *fbp1* promoter region (detected by ChIP-qPCR). Segments 3 and 6 contain UAS1 and UAS2, respectively. (**B**) Distribution of Atf1 and Rst2 in the *fbp1* promoter region was determined by ChIP analysis. Cells were cultured in YER (+glucose) and then transferred to YED medium and cultured for 120 min (--glucose). qPCR was performed using primer pairs to detect each segment indicated in (A). The ChIP signal in the *prp3* ORF was used for normalization. Error bars represent the standard deviation from three independent experiments.](gkx555fig1){#F1}

In this research, we demonstrate that binding of the Rst2 TF is tightly regulated through the local three-dimensional genomic structure. During glucose starvation, Rst2 is firstly recruited at UAS1 and then subsequently delivered to UAS2 through the local loop structure defined as UAS loop that brings UAS1 and UAS2 into spatially close proximity. Moreover, this loop-mediated recruitment of Rst2 counteracts Tup11/12 mediated repression of Rst2 binding to UAS2. This study demonstrates the novel regulation mechanism of the rigorous regulation of TFs binding through a local genome loop structure.

MATERIALS AND METHODS {#SEC2}
=====================

Fission yeast strains, genetic methods and cell culture {#SEC2-1}
-------------------------------------------------------

The *S. pombe* strain used in this study is listed in [Supplementary Table S1](#sup1){ref-type="supplementary-material"}. Standard genetic procedures were carried out as described previously ([@B31]). For strain construction, sporulation agar medium was used to induce mating and sporulation, followed by tetrad dissection. Transformation was carried out using the lithium acetate method as described previously ([@B32]). To select kanamycin-resistant or uracil-auxotrophic colonies, culture suspensions were inoculated onto plates containing yeast extract (YE) and 2% glucose, incubated for 16 h, then replica-plated onto YE plates containing 100 μg/ml G-418 sulfate (Wako) or onto SD plates containing 100 μg/ml uracil and 1 mg/ml of 5-FOA (Wako), respectively. Cell culture for glucose-rich or glucose-starved was performed using yeast-extract-repression (YER) medium containing 6% glucose and yeast extract derepression (YED) medium containing 0.1% glucose and 3% glycerol.

Construction of UAS1-, UAS2- and TATA box-mutated strains {#SEC2-2}
---------------------------------------------------------

The genome sequence around UAS1, UAS2 and TATA box in the *fbp1* promoter region was amplified using primers p5 and p6 ([Supplemental Table S2](#sup1){ref-type="supplementary-material"}) and cloned into TOPO Blunt vector (Invitrogen). A *ura4^+^* selection cassette was inserted at the HpaI site between UAS1 and UAS2. The resultant plasmid was digested with NdeI, and transformed to gain *ura4* inserted strain at *fbp1* promoter region. Site-directed mutagenesis of UAS1 and UAS2 were performed using primers p7 and p8 and primers P9 and P10, respectively, using the method previously described ([@B33]) ([Supplemental Table S2](#sup1){ref-type="supplementary-material"}). The underlined bases in the sequence presented in [Supplementary Table S2](#sup1){ref-type="supplementary-material"} indicate mutated sites. These mutations diminish *fbp1* transcription as well as TF-binding activity ([@B27]). In the case of the TATA box mutation, the TATA sequence of *fbp1* mRNA ([@B34]) is converted to a BamHI site as described above using primers p11 and p12 ([Supplementary Table S2](#sup1){ref-type="supplementary-material"}). The mutated plasmid was digested with NdeI and transformed into the *ura4*-inserted strain, and cells carrying the mutated UAS1, UAS2 or TATA box were selected by 5-FOA. Introduction of mutations was confirmed by sequencing.

Construction of genome-replacement strains upstream from UAS1 {#SEC2-3}
-------------------------------------------------------------

For the construction of sequence-replacement alleles, each 45 bp sequence upstream from UAS1, --1304 to --1260, --1259 to --1215 and --1214 to --1170 (relative to first A of the ORF) was replaced by a 45 bp sequence from the *act1* ORF region (+436 to +480). The construction of plasmids for replacement of UAS1 upstream regions and strains was performed as described above using primer pairs p13--p14, p15--p16 and p17--p18 for the regions a, b and c, respectively (Figure [5](#F5){ref-type="fig"}), using the method described above ([Supplementary Table S2](#sup1){ref-type="supplementary-material"}). Replacement was confirmed by sequencing. In region b ([Supplementary Figure S2](#sup1){ref-type="supplementary-material"}), 10 bp sequences --1259 to --1250, --1249 to --1240, --1239 to --1230 and --1229 to --1215 in the *fbp1* promoter region were replaced by *act1* ORF regions +436 to +445, +446 to +455, +456 to +465 and +466 to +480, respectively. These plasmid constructions were performed using a Primestar Max mutagenesis kit (Takara) and primer pairs p19--p20, p21--p22, p23--p24 and p25--p26 for replacement of regions i, ii, iii and iv, respectively ([Supplementary Figure S2; Table S2](#sup1){ref-type="supplementary-material"}). For the construction of the region-b translocation allele, the adjacent UAS2 sequence (--584 to --540) was replaced by the region-b sequence (--1259 to --1215). The construction of this plasmid was performed as described above using primers p27--p28 and the plasmid for replacement of region-b as template ([Supplementary Table S2](#sup1){ref-type="supplementary-material"}).

Construction of Rst2-Gal4-GBD strains {#SEC2-4}
-------------------------------------

For the expression of the Gal4-GBD fusion protein, we replaced the GFP tag gene in the int2 vector ([@B32]) with the *GAL4-gbd* gene encoding N-terminus Gal4 DNA binding domain of *S. cerevisiae* (1--93 amino acid). To construct the Rst2-Gal4-GBD strain, we followed the standard integration method using the vector described above. The adjacent UAS2 sequence (--594 to --540) was replaced by the 3xGal4 binding site as described above using primer pair p29-p30 ([Supplementary Table S2](#sup1){ref-type="supplementary-material"}).

Northern blot and chromatin analysis {#SEC2-5}
------------------------------------

Northern blot and chromatin analysis were performed as described previously ([@B30]).

ChIP-qPCR {#SEC2-6}
---------

Chromatin immunoprecipitation coupled with quantitative PCR (ChIP-qPCR) was performed as described previously ([@B29]) using anti-Atf1 (abcam ab18123), Anti-DYKDDDDK (Wako 018--22383) and anti-H3 (abcam ab1791) antibody. Sequences of the primer sets (fbp1--1∼fbp1--9 and prp3 F, R) are indicated in [Supplementary Table S2](#sup1){ref-type="supplementary-material"}.

Chromosome-conformation capture {#SEC2-7}
-------------------------------

Chromosome-conformation capture (3C) analysis was performed as described previously ([@B35]), with slight modifications as briefly described below. Cells were cultured to 2.0 × 10^7^/ml in 50 ml and crosslinked with 1% formaldehyde for 15 min at room temperature. The reaction was quenched by the addition of glycine to 0.125 M and incubated for 5 min at room temperature. After centrifugation, cells were washed in ice-cold TBS containing 1% triton X-100, then in ice-cold TBS without triton X-100. The cells were suspended in 1 ml of FA lysis buffer (50 mM HEPES--KOH pH 7.9, 140 mM NaCl, 1 mM EDTA, 1% Triton X-100, 0.1% sodium deoxycholate) containing proteinase inhibitor cocktail (Roche) and transferred to two 2 ml tubes containing 0.6 ml glass beads (Yasuikikai). After disruption using a bead shocker (Yasuikikai), pellets were collected by centrifugation and washed in 0.5 ml FA lysis buffer. The washed pellets were resuspended with 0.5 ml of 10 mM Tris--HCl (pH 7.5) and divided into 50 μl aliquots. 0.5 μl of 10% SDS was added and the sample was incubated for 15 min at 65°C. After incubation with 1% Triton X-100 for 30 min at 37°C, the chromatin DNA was digested by 50 U HhaI (NEB) for 5 h at 37°C and further digested with another 50 U HhaI overnight. The restriction enzyme was inactivated by adding SDS to 1% and incubating for 20 min at 65°C. SDS was sequestered by incubation with 1% Triton X-100 for 30 min at 37°C. The DNA was diluted to a final volume of 700 μl by adding 2 × buffer (132 mM Tris--HCl pH 7.6, 20 mM MgCl~2~, 2 mM DTT, 2mM ATP, 15% PEG6000) and H~2~O and then ligated overnight at 16°C using a Quick ligation kit (NEB). The RNA was digested by adding 20 μg RNaseA (Nakalai). The crosslinks were reversed by overnight incubation at 65°C with 100 μg of Proteinase K (Wako) and 0.1% SDS. The DNA was purified by phenol chloroform extraction and ethanol precipitation. Because the background signal is high during 3C detection of interactions in local genomic regions, we measured interactions within a housekeeping gene, *prp3*, as an internal control to avoid experimental artifacts caused by differences in crosslinking efficiency ([@B36]). 3C PCR was performed using Taq HS polymerase (Takara) and Thermal Cycler Dice TP600 (Takara). The primers used were p1--p2 for the *fbp1* locus, and p3--p4 for the *prp3* locus. The sequence is listed in [Supplementary Table S1](#sup1){ref-type="supplementary-material"}. 20 μl PCR products were run on 2% agarose gel and band intensity was quantified using a multi gauge (FUJIFILM).

RESULTS {#SEC3}
=======

Distribution of TF-binding at *fbp1* upstream region {#SEC3-1}
----------------------------------------------------

We examined the binding distribution of Atf1 and Rst2 in the *fbp1* upstream regulatory region using chromatin-immunoprecipitation (ChIP) analysis. We found that Atf1 and Rst2 binding exhibited two peaks at UAS1 and UAS2, respectively (Figure [1A](#F1){ref-type="fig"} and [B](#F1){ref-type="fig"}). This is totally unexpected because Atf1 and Rst2 are expected to bind only at UAS1 and UAS2, respectively ([@B27]). Moreover, their binding pattern is very similar to that of Tup11/12 and Php2, previously reported ([@B29],[@B30]). These data led us to hypothesize that TF-binding is mediated by the formation of local genome loop structures, wherein UAS1 and UAS2 are placed in close proximity, since, as previously demonstrated, proteins binding to one site can be detected (via ChIP analysis) on the other site ([@B16]).

Formation of a UAS loop at *fbp1* upstream region {#SEC3-2}
-------------------------------------------------

To examine the possibility that a local loop forms in the *fbp1* upstream region, we used chromosome-conformation capture (3C) technology as described in materials and methods. The intensity of the 3C signal between UAS1 and UAS2 increased after glucose starvation, indicating proximity, whereas the signal for interaction within the *prp3* gene (internal control) was unchanged (Figure [2A](#F2){ref-type="fig"} and [B](#F2){ref-type="fig"}). To quantify the 3C signal, intensity of the bands amplified using primers corresponding to UAS1 and UAS2 or primers corresponding to inside of *prp3* gene were quantified (Figure [2A](#F2){ref-type="fig"}). The intensity of the 3C signal linearly increased with increasing concentrations of 3C sample ([Supplementary Figure S1](#sup1){ref-type="supplementary-material"}). The intensity of the signal between UAS1 and UAS2, normalized to that of the internal control, was significantly increased at 60 and 120 min after glucose starvation (Figure [2C](#F2){ref-type="fig"}). These results indicate that a local genome loop structure is formed between UAS1 and UAS2 in response to glucose starvation. We define this loop structure as a UAS loop and further investigated its formation. This UAS loop between UAS1 and UAS2 might not be a simple result of the transcriptional activation. This is because, while cells lacking the *fbp1* TATA box exhibited little *fbp1* activation (Figure [2D](#F2){ref-type="fig"}), an increase of the 3C signal after glucose starvation was still observed with only slightly later timing than that in *wild-type* cell. This suggests that *fbp1* mRNA transcription is not required for the formation of the UAS loop and that transcriptional initiation may have an only limited, if any, impact on the formation of this structure (Figure [2E](#F2){ref-type="fig"} and [F](#F2){ref-type="fig"}).

![Formation of local genome loop in the *fbp1* upstream region after glucose starvation. (**A**) Schematic representation of restriction enzyme sites and primer sites used in 3C analysis. For the *fbp1* locus, the gray arrow represents the ORF and the boxes represent the positions of UAS1, UAS2 and the TATA box. For the control (*prp3* locus), the gray arrow represents the annotated transcription region of the *prp3* gene in Pombase (<https://www.pombase.org/>). The dashed lines and black arrows indicate the positions of the HhaI sites and the primer sites, respectively. The distance between the two HhaI cutting sites at the *fbp1* locus and at the *prp3* locus is 757 and 486 bp, respectively. (**B**) The association between UAS1 and UAS2 was examined by 3C analysis. *Wild-type* cells (for genes relevant to *fbp1* transcription) were cultured as in Figure [1](#F1){ref-type="fig"}. Cells were harvested at the indicated times. (**C**) The intensity of interactions between UAS1 and UAS2 at *fbp1* was quantified and normalized by band intensity relative to the control. Error bars show the standard deviation from three independent experiments. (**D**) The cells lacking *fbp1* TATA sequence exhibit defective *fbp1* induction after glucose starvation. Northern blot to detect *fbp1* transcripts in indicated cells. Cells were cultured as in Figure [1](#F1){ref-type="fig"} and harvested at the indicated times after glucose starvation. *cam1* transcript was used as an internal control ([@B54]). (**E**) The association between UAS1 and UAS2 in the indicated cells was examined by 3C analysis as in B. (**F**) The intensity of interactions between UAS1 and UAS2 at *fbp1* was quantified as in C. Error bars show the standard deviation from three independent experiments. Statistical significance (by Student\'s *t*-test) is as follows: \**P* \<0.05; \*\**P* \<0.01.](gkx555fig2){#F2}

Alteration to an open configuration is a prerequisite for the formation of the UAS loop {#SEC3-3}
---------------------------------------------------------------------------------------

Since chromatin remodeling in the *fbp1* upstream region is completed by 60 min after glucose starvation ([@B25],[@B28]), it is possible that this remodeling is a prerequisite for the formation of the UAS loop. To address this, we measured the 3C signal between UAS1 and UAS2 in chromatin remodeling deficient *snf22Δ/hrp3Δ* cells (Adachi *et al.*, in press). This mutant lacks ATP dependent chromatin remodeling factors (ADCRs), Snf22 and Hrp3 and exhibits impaired chromatin remodeling at *fbp1* upstream region (Adachi *et al.* in press). While in *wild-type* cells, we detected MNase sensitive sites reflecting open chromatin configurations around UAS1--2 and UAS2-TATA after glucose starvation, we detected little change of the MNase digestion pattern in this mutant ([Supplementary Figure S2A](#sup1){ref-type="supplementary-material"}). The change in the MNase digestion pattern during glucose starvation indicates disassembly of three nucleosomes at UAS1, UAS2 and TATA box in *wild-type* cells ([Supplementary Figure S2A](#sup1){ref-type="supplementary-material"}). Consistently, we detected disassembly of histone H3 at UAS1 and UAS2 in *wild-type* cells ([Supplementary Figure S2B](#sup1){ref-type="supplementary-material"}). In the mutant lacking two redundant chromatin remodeling factors, Snf22 and Hrp3, we observed almost no change in the 3C signal after glucose starvation ([Supplementary Figure S2C and D](#sup1){ref-type="supplementary-material"}), suggesting that a chromatin-configuration change upstream of *fbp1* is indeed a prerequisite for the formation of the UAS loop.

Disruption of the UAS loop causes aberrant binding of Rst2 {#SEC3-4}
----------------------------------------------------------

We explored the factors required for the formation of the UAS loop. Because a change in chromatin configuration is required to form the UAS loop ([Supplementary Figure S2](#sup1){ref-type="supplementary-material"}), we examined the requirement for Rst2 and Php5 in this process, since, although these factors bind after changes in chromatin configuration, they play a role in *fbp1* transcriptional activation ([@B29]). After glucose starvation, the increase in 3C signal intensity was significantly smaller in *rst2*Δ and *php5*Δ cells when compared to *wild-type* cells (Figure [3A](#F3){ref-type="fig"} and [B](#F3){ref-type="fig"}). Therefore, Rst2 and Php2/5 are required for the UAS loop formation between UAS1 and UAS2 in the *fbp1* transcription-activation process. We next examined the binding distribution of Atf1, Php2, and Rst2 in *rst2*Δ and *php5*Δ mutants. Atf1-binding was diminished in the *rst2*Δ cells (Figure [3C](#F3){ref-type="fig"}), which is consistent with our earlier report ([@B29]). In contrast, loss of Php5 leads to an increase in Atf1-binding at UAS1 and a loss of binding at UAS2 (Figure [3C](#F3){ref-type="fig"}). The *php5*Δ cells also show a similar shift in the distribution of Rst2 (Figure [3D](#F3){ref-type="fig"}). Meanwhile, loss of Rst2 leads to a significant reduction of Php2 binding to UAS1, with no effect on UAS2 occupancy (Figure [3E](#F3){ref-type="fig"}). To summarize, while Atf1, Rst2, and Php2 normally associate with both UAS1 and UAS2 during *fbp1* transcriptional activation, this bimodal distribution is totally dependent on the UAS loop mediated by Rst2 and Php2/5.

![Formation of the UAS loop is required for the two-peak binding signature of TFs in the *fbp1* promoter region. (**A**) The association between UAS1 and UAS2 was examined by 3C analysis in *wild-type, rst2*Δ and *php5*Δ cells. (**B**) Band intensity quantitation of each strain as indicated in Figure [2C](#F2){ref-type="fig"}. Error bars show the standard deviation from three independent experiments. Statistical significance (by Student\'s *t*-test) is as follows: \*\**P* \< 0.01. (**C**--**E**) ChIP analysis to determine the distribution of Atf1, Rst2, and Php2 in *wild-type, rst2*Δ, and *php5*Δ cells as described in Figure [1](#F1){ref-type="fig"}. Error bars show the standard deviation from at least two independent experiments.](gkx555fig3){#F3}

Rst2 binding to the UAS1 region is independent of UAS2 {#SEC3-5}
------------------------------------------------------

The above data, which show that Rst2-binding at UAS1 is preserved in *php5*Δ cells, led us to examine the role played by UAS2 in Rst2-binding in the *fbp1* promoter region. We created UAS2-mutated cells, as previously reported ([@B27]), and analyzed Rst2-binding (ChIP analysis). In the UAS2-mutant cells, we detected Rst2-binding at UAS1 while Rst2-binding at UAS2 was significantly reduced (Figure [4A](#F4){ref-type="fig"}). These data suggest that Rst2 can be recruited to UAS1 independent of the UAS2 sequence. Transcription activation of *fbp1* was pronouncedly reduced in the UAS2-mutant cells, with the level of transcription defects for *fbp1* very similar in both the *rst2*Δ and the UAS2-mutant cells (Figure [4B](#F4){ref-type="fig"}). These results indicate that Rst2 localization at the UAS1 site is not sufficient for transcriptional activation of *fbp1* and that binding at UAS2 is essential for Rst2 to carry out its function.

![Rst2-binding to UAS1 is preserved in UAS2-mutant cells. (**A**) The distribution of Rst2 was examined by ChIP analysis in *wild-type* and UAS2-mutant cells. Cell culture and ChIP analysis were performed as described in Figure [1](#F1){ref-type="fig"}. Error bars show the standard deviation from at least two independent experiments. Statistical significance (by Student\'s *t*-test) is as follows: \**P* \< 0.05; \*\**P* \< 0.01. (**B**) Northern blot to detect *fbp1* transcripts in *wild-type*, UAS2 mutant and *rst2*Δ cells. Cells were cultured as in Figure [1](#F1){ref-type="fig"}. Cells were harvested at the indicated times after glucose starvation. *cam1* transcript was used as an internal control ([@B54]).](gkx555fig4){#F4}

Identification of an Rst2-binding motif at UAS1 {#SEC3-6}
-----------------------------------------------

We next explored the newly uncovered apparent Rst2-binding motif at UAS1. Since we could not find a typical stress-response element (CCCCTC) around UAS1, we opted to replace small segments (45 bp) to detect the novel element to which Rst2 binds. As replacement downstream from UAS1 had little effect on Rst2-binding around UAS1, we examined *fbp1* transcription in mutants carrying replacements upstream from UAS1 (Figure [5A](#F5){ref-type="fig"}). We replaced 45 bp regions a, b or c upstream from UAS1 with *act1* ORF sequences possessing no transcription activity. Mutant cells carrying the region-b replacement exhibited a reduction in *fbp1* mRNA transcription without affecting mlonRNAs transcription, which is very similar to what is observed in *rst2*Δ cells (Figure [5B](#F5){ref-type="fig"}). Chromatin remodeling at *fbp1* upstream region was not affected in this mutant (Figure [5C](#F5){ref-type="fig"}), nor was it in the *rst2*Δ cells ([@B29]). To further characterize the Rst2-binding site upstream from UAS1, the 45 bp in region-b was divided into four segments, as indicated in [Supplementary Figure S3A](#sup1){ref-type="supplementary-material"}, and replaced with *act1* ORF sequences. We detected a partial but significant reduction of *fbp1* induction in mutants carrying replacements in segments i and iv ([Supplementary Figure S3B](#sup1){ref-type="supplementary-material"}). We also identified the common C/T-rich sequence in segments i and iv ([Supplementary Figure S3C](#sup1){ref-type="supplementary-material"}). To test whether the 45 bp in the region-b sequence were indeed required for Rst2-binding at UAS1, we performed a ChIP assay. We found that Rst2-binding at UAS1 was compromised in the mutant cells carrying the region-b replacement (Figure [5D](#F5){ref-type="fig"}). Since the region amplified by the primers for detecting UAS1 includes region-b, replacement of region-b results in the loss of Rst2 binding to this site. Unexpectedly, Rst2-binding at UAS2 was also diminished in the mutant cells carrying the region-b replacement (Figure [5D](#F5){ref-type="fig"}). These results suggest that the two C/T-rich motifs in region-b are primary Rst2-binding sites and that binding at UAS1 is a prerequisite for subsequent Rst2 binding at UAS2 via the formation of the UAS loop.

![Rst2 switching from UAS1 counteracts Tup11/12-mediated repression of Rst2-binding at UAS2. (**A**) Schematic representation of three 45 bp regions (a, b and c) upstream from UAS1 replaced by *act1* ORF regions. (**B**) *fbp1* transcriptional activation was examined with northern blot analysis in *wild-type* cells and in cells carrying the indicated replacement region. (**C**) Chromatin analysis by MNase partial digestion of chromatin DNA upstream from *fbp1* in *wild-type* and in mutant cells carrying the replacement regions. Cells were cultured and harvested at the indicated times after glucose starvation. The isolated chromatin was partially digested by MNase with 0, 20, and 50 U/ml at 37°C for 5 min. Purified DNA was digested with ClaI and analyzed by Southern blot. (**D**) ChIP analysis of Rst2 in *wild-type* cells and in cells carrying replacement region b, and in *tup*ΔΔ cells carrying replacement region b, as described in Figure [1](#F1){ref-type="fig"}. Error bars show the standard deviation from at least two independent experiments.](gkx555fig5){#F5}

Rst2 switching from UAS1 to UAS2 counteracts the Tup11/12-mediated repression of Rst2-binding at UAS2 {#SEC3-7}
-----------------------------------------------------------------------------------------------------

Rst2 binding at UAS2 was fully compromised in mutant cells carrying the region-b replacement, even though chromatin remodeling around UAS2 was preserved in the mutant cells (Figure [5C](#F5){ref-type="fig"}, [D](#F5){ref-type="fig"}). This suggests that Rst2-binding at UAS2 is repressed by some mechanism independent of chromatin configuration. To discover this mechanism, we analyzed the Tup11/12 corepressors, because these corepressors play important roles in the regulation of *fbp1* transcription ([@B23],[@B29]). Disruption of the Tup11/12 corepressor genes in mutant cells carrying the region-b replacement significantly restored Rst2-binding at UAS2 (Figure [5D](#F5){ref-type="fig"}). This result indicates that Tup11/12 repress Rst2-binding at UAS2. Taken together, these data suggest the following scenario. Rst2 is firstly recruited to UAS1 but cannot directly bind to UAS2 due to Tup11/12-mediated repression. Rst2 bound to UAS1 then associates with UAS2 through the UAS loop by counteracting the Tup11/12-mediated repression of Rst2-binding.

Forced Rst2 binding to UAS2 causes aberrant *fbp1* transcription {#SEC3-8}
----------------------------------------------------------------

The above data suggest the importance of temporal regulation of binding of Rst2 to UAS2. To examine the role the temporal regulation of Rst2 binding thorough higher order genome structure, we tethered Rst2 at UAS2 using a Gal4-DNA binding domain (GBD) (Figure [6A](#F6){ref-type="fig"}) ([@B37],[@B38]). Rst2-Gal4-GBD cells exhibited *fbp1* expression even under glucose rich conditions (Figure [6B](#F6){ref-type="fig"}), indicating that forced binding of Rst2 to UAS2 causes unregulated expression of *fbp1*.

![Forced Rst2 binding to UAS2 causes unregulated *fbp1* transcription. (**A**) Schematic representation of Rst2 tethering using Gal4-GBD. Three copies of Gal4-binding sequences (BS) were inserted at the upstream adjacent region of UAS2. Gal4-GBD was fused to the C-terminus of Rst2. The resultant fusion protein is tethered at Gal4-BS. (**B**) Gal4-GBD fusion mediated tethering of Rst2 to UAS2 causes *fbp1* activation even in the presence of glucose. *fbp1* transcriptional activation was examined with northern blot analysis in Rst2-Gal4-GBD cells. (**C**) Schematic representation of the translocation of region-b to the upstream adjacent region of UAS2. (**D, E**) Translocation of novel Rst2 binding site, region-b to upstream adjacent of UAS2 bypasses requirement of higher order structure formation for *fbp1* induction. Transcripts of *fbp1* were examined with northern blot analysis in indicated cells.](gkx555fig6){#F6}

We next examined the effect of translocation of the region-b, which is normally immediately upstream of UAS1, to a site immediately upstream of UAS2 (Figure [6C](#F6){ref-type="fig"}). This translocation completely rescued loss of region-b (Figure [6D](#F6){ref-type="fig"}). Importantly, this translocation bypassed the requirement for Php5 in *fbp1* expression (Figure [6E](#F6){ref-type="fig"}). These results suggest that forced Rst2 binding to UAS2 bypasses the need for UAS loop formation. The *php5*Δ/region-b translocation cells still exhibit increased mlonRNA-c transcription and slowed transcriptional activation of *fbp1* mRNA (Figure [6E](#F6){ref-type="fig"}). This might be due to partial defects in evicting nucleosomes around the TATA box as previously reported ([@B23],[@B29]).

DISCUSSION {#SEC4}
==========

In this study, we investigated the mechanisms that regulate TF-binding via local three-dimensional genome structure in the transcriptional activation of the fission yeast *fbp1* gene. Our study demonstrates that the formation of a local genome loop plays a critical role in regulating the binding distribution of Rst2, a C~2~H~2~ zinc-finger TF, in the *fbp1* promoter region during transcriptional activation. We found that the TFs required for *fbp1* induction and the Tup11/12 corepressors distribute across a wide range of the *fbp1* promoter region, exhibiting peaks at both UAS1 and UAS2 ([@B29],[@B30]) (Figure [1](#F1){ref-type="fig"}). This dual-peak distribution is mediated by the local loop structure defined as a UAS loop that places UAS1 and UAS2 in close proximity. This is evidenced by the fact that an association between UAS1 and UAS2 was detected by 3C analysis after chromatin remodeling in the *fbp1* promoter region (Figure [2](#F2){ref-type="fig"}, [Supplementary Figures S1 and S2](#sup1){ref-type="supplementary-material"}). Furthermore, when the formation of the genome higher-order structure was diminished in *rst2*Δ or *php5*Δ cells, the two-peak distribution pattern was diminished and shifted to one peak only (Figure [3](#F3){ref-type="fig"}). We found that Rst2 first binds to UAS1 independent of UAS2, but this UAS1 binding is not sufficient for the transcriptional activation (Figure [4](#F4){ref-type="fig"}). Moreover, translocation of the Rst2 binding site near UAS1 to a position immediately upstream of UAS2 rescued the *fbp1* mRNA transcription activation defects in *php5*Δ cells, in which Rst2 binds to UAS2 independent of the UAS loop (Figure [6E](#F6){ref-type="fig"}). These data support the following scenario. Rst2 is initially recruited to UAS1, then it associates with UAS2 via the formation of UAS loop. This UAS loop mediated association of Rst2 antagonizes the Tup11/12-mediated blocking of Rst2-binding to UAS2.

The regulation of TF-binding may proceed in a stepwise manner. In glucose-rich conditions, closed chromatin configurations are established in the *fbp1* upstream region (Figure [7A](#F7){ref-type="fig"}). This contributes to the inhibition of TF-binding. Upon glucose starvation, a cascade of mlonRNA transcriptions is initiated by Atf1-binding at UAS1, thereby inducing chromatin-remodeling around TF-binding sites, UAS1 and UAS2 ([@B25]) (Figure [7B](#F7){ref-type="fig"}). This chromatin configuration change enables Rst2 and Php5 to bind to their respective target sites. However, the binding of Rst2 to its binding site, UAS2, is blocked by Tup11/12, thus Rst2 binds only to the UAS1 site (Figure [7C](#F7){ref-type="fig"}). After Rst2 and Php5 bind at UAS1 and UAS2, respectively, the UAS loop that places UAS1 and UAS2 in close proximity is formed (Figure [7D](#F7){ref-type="fig"}). Rst2 bound to UAS1 then associates with UAS2, overcoming the Tup11/12-mediated block of Rst2-binding to UAS2 (Figure [7E](#F7){ref-type="fig"}). This UAS loop-mediated delivery of Rst2 may be important for the determination of the functional order and timing of TF-binding. Since the counteractive regulation of chromatin remodeling around the TATA box by Php5 and Tup11/12 is pivotal for the precise determination of the transcription start site ([@B29]), Rst2 might need to bind at UAS2 only after Php5 has created a suitable chromatin geometry to avoid inadequate and unregulated *fbp1* transcription.

![Model for the regulation of Rst2-binding via UAS loop formation. (**A**) In glucose-rich conditions, the *fbp1* promoter region is packaged in closed chromatin. (**B**) After glucose starvation, Atf1 activates a cascade of mlonRNA transcriptions, thereby inducing chromatin-configuration change into an open state around UAS1 and UAS2. Rst2 might stabilize Atf1 binding to UAS1. (**C**) Rst2 and Php2--5 can bind to *fbp1* UAS1 and UAS2, respectively. However, Rst2 binding to UAS2 is suppressed by the Tup11/12 corepressors. (**D**) Php2--5 binding at UAS2 induces local-chromatin remodeling into an open configuration around the TATA box, inducing the formation of a UAS loop. (**E**) Through the UAS loop, Rst2 bound to UAS1 associates with UAS2.](gkx555fig7){#F7}

The budding yeast Tup1 corepressor represses many stress-responsive genes ([@B39]--[@B41]), establishing repressive chromatin at target sites by recruiting histone deacetylase or by regulating the position of nucleosomes ([@B42]--[@B44]). Through the formation of repressive chromatin, *Saccharomyces cerevisiae* Tup1 and the mouse Tup1 ortholog Grg3 also inhibit the binding of TFs to their target motifs ([@B45],[@B46]). In this study, we reveal a previously unappreciated repression mechanism by which Tup11/12 represses the binding of Rst2 to its target site without affecting chromatin structure (Figure [5C](#F5){ref-type="fig"}, [D](#F5){ref-type="fig"}). Moreover, we demonstrate that this Tup11/12-mediated repression is antagonized by UAS loop-mediated delivery of Rst2. Since Tup11/12-binding at UAS2 increases during glucose starvation ([@B29],[@B30]), this mechanism antagonizes the effect of Tup11/12 corepressors without displacing these proteins from UAS2. This Tup related repression for TFs bindings might mediate complex regulation of TFs binding to their target site and then contribute to the rigorous regulation of transcription.

We predict that TF-TF interactions in the *fbp1* upstream region might govern UAS loop formation, as previous studies have suggested that, when placed in close proximity, individual TFs carrying distinct binding motifs often interact physically and that such interactions facilitate TF-binding to target sites ([@B47]--[@B49]). Moreover, previous studies have suggested that cooperative TF-binding and formation of TF clusters in local regions play important roles in transcriptional regulation ([@B50]--[@B53]). Similarly, physical interactions between the TFs that bind at UAS1 and UAS2 might form the UAS loop at the *fbp1* locus. In fact, formation of the UAS loop is impaired in *rst2*Δ and *php5*Δ cells (Figure [3A](#F3){ref-type="fig"} and [B](#F3){ref-type="fig"}). Considered alongside our current results, it seems plausible that the regulation mechanism of TF-binding via local genome loop formation at the *fbp1* locus might be conserved in a wide range of eukaryotic cells.
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